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Abstract: The differential gain and loss of genes from homologous
gene families represents an important source of functional variation
among the genomes of different species. Differences in gene content between species are primarily attributable to lineage-specific gene
gains via duplication and lineage-specific losses via deletion or inactivation. Here, we use a comparative genomic approach to investigate
this process of gene turnover in the β-globin gene family of placental mammals. By analyzing genomic sequence data from representatives of each of the main superordinal clades of placental mammals,
we were able to reconstruct pathways of gene family evolution during the basal radiation of this physiologically and morphologically diverse vertebrate group. Our analysis revealed that an initial expansion
of the nonadult portion of the β-globin gene cluster in the ancestor of
placental mammals was followed by the differential loss and retention
of ancestral gene lineages, thereby generating variation in the complement of embryonic globin genes among contemporary species. The
sorting of ε-, γ-, and η-globin gene lineages among the basal clades
of placental mammals has produced species differences in the functional types of hemoglobin isoforms that can be synthesized during the
course of embryonic development.
Keywords: β-globin gene family, gene duplication, gene family evolution, genome evolution, hemoglobin

Efforts to identify genetic changes that underlie phenotypic differences among species traditionally focus on nucleotide divergence
between orthologous genes. The differential gain and loss of genes
from homologous gene families represents a less widely appreciated source of functional variation among the genomes of different species (1–6). Differences in the complement of genes between
species are primarily attributable to lineage-specific gene gains
via duplication and lineage-specific losses via deletion or inactivation. The β-globin gene cluster of mammals represents an especially good model for investigating mechanisms and processes of
genome evolution, because it is one of the most intensively studied multigene families from the standpoint of molecular genetics
and phylogenetic history (7–9). The β-globin gene cluster of mammals contains a set of developmentally regulated genes that are
arranged in their temporal order of expression (10–12). The ε-, γ, and η-globin genes (HBE, HBG, and HBH, respectively) are expressed in embryonic erythroid cells and are descended from an
ancestral HBE gene. The δ- and β-globin genes (HBD and HBB,
respectively) are expressed in fetal and adult erythroid cells and
are descended from an ancestral HBB gene. There are some exceptions to these general patterns of stage-specific expression, because duplicated copies of HBG genes have been recruited for fetal expression in anthropoid primates (8) and duplicated copies of
HBB genes have been recruited for exclusive fetal expression in
some cetartiodactyls (13).
In contrast to the diverse repertoire of β-like globin genes in eu-

therian (placental) mammals that have been studied to date, monotremes and marsupials possess a single pair of β-like genes: an
early-expressed 5′ copy and an ontogenetically later-expressed 3′
copy (14–18). Remarkably, the early- and late-expressed β-like globin genes in monotremes and therian mammals (marsupials and
eutherians) are the products of independent duplications of a proto
β-globin gene in each of these two lineages (19). Whereas the β-globin gene cluster of marsupials has retained the ancestral two-gene
structure, the addition of new early- and late-expressed genes to
the β-globin gene cluster of eutherian mammals is attributable to
several successive rounds of duplication and divergence after the
eutherian/marsupial split, which is thought to have occurred ≈170
mya (20). Because the HBD gene is either weakly expressed or completely nonfunctional in the majority of eutherian mammals, the
increased functional diversity of the β-globin gene cluster in eutherian mammals is mainly attributable to the expansion of the “nonadult” HBE-HBG-HBH portion of the gene cluster.
Thanks to recent advances in the molecular systematics of eutherian mammals, we now have a solid phylogenetic framework
for reconstructing pathways of gene family evolution in this morphologically and physiologically diverse vertebrate group. Eutherian mammals are classified into four superordinal groups: Afrotheria (which includes elephants, hyraxes, manatees, aardvarks,
tenrecs, and allies), Xenarthra (which includes sloths, armadillos,
and anteaters), Laurasiatheria (which includes bats, eulipotyphlans, pangolins, carnivores, perrisodactyls, and cetartiodactyls),
and Euarchontoglires (which includes primates, tree shrews, colugos, rabbits, and rodents). Recent phylogenomic studies have
demonstrated that a clade (Atlantogenata) composed of Afrotheria and Xenarthra is the sister group of all remaining members of
the eutherian crown group (Boreoeutheria) (21, 22). The inferred
structure of the β-globin gene cluster in the common ancestor of
Boreoeutheria is: 5′-ε-γ-η-δ-β-3′ (13, 14, 16, 23). Because the genomic structure of the β-globin gene cluster has not been previously characterized in any representatives of Atlantogenata, the
full complement of β-like globin genes in the crown group ancestor of eutherian mammals has yet to be elucidated.
Here, we report the results of a comparative genomic analysis
of the β-globin gene cluster in a diverse set of species that encompasses the four main superordinal clades of eutherian mammals.
Results of our analysis demonstrate that the initial expansion of
the nonadult portion of the gene cluster in the ancestor of eutherian mammals was followed by differential retention of ancestral
gene lineages among different clades, thereby generating variation in the complement of embryonic globin genes among contemporary species. By using a phylogenetic approach to reconstruct
pathways of gene family evolution during the basal diversification of eutherian mammals, we found that (i) all eutherian species
examined have retained an HBE gene at the 5′ end of the cluster;
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Figure 1. Genomic structure of the β-globin gene cluster in therian mammals. Phylogenetic relationships are based on a loose
consensus of recent studies (21, 22, 49, 50).
Diagonal slashes indicate gaps in genomic
coverage. Segments containing such gaps
were not drawn to scale. The orientation of
the cluster is from 5′ (on the left) to 3′ (on
the right).

(ii) most representatives of Xenarthra, Afrotheria, and Euarchontoglires have lost the HBH gene while retaining the HBG gene;
and (iii) most representatives of Laurasiatheria have lost the HBG
gene while retaining the HBH gene.

Results
Genomic Structure of the Mammalian β-Globin Gene Cluster.
We obtained genomic sequences that spanned the β-globin gene
clusters of 21 eutherian and 3 metatherian species. Comparison
of the β-globin gene clusters among the eutherian species in our
study revealed considerable variation in the size and membership
composition of the gene family (Figure 1). The number of putatively functional genes in the cluster ranged from 2 in the pig to
8 in the rat. As is generally the case in the globin gene clusters of
vertebrates (11, 12), the nonadult genes—HBE, HBH, and HBG—
were located upstream of the late-expressed HBD and HBB genes.
The only exceptions involved en bloc duplications in the goat and
cow, where HBE and HBH genes in the 3′ duplication blocks were
located downstream of the HBB gene in the 5′ blocks (13).
We found that all eutherian species possess one to two copies
of the HBE gene at the 5′ end of the cluster, and the vast majority of species possess a functional copy of one additional embryonic gene: either HBG or HBH, but never both. The variation in
gene family size is mainly attributable to variation in the number
of HBB genes at the 3′ end of the cluster. Whereas myomorph rodents (e.g., Mus and Rattus) possess two to four HBB genes and
the tenrec possesses four HBB genes, most species possess a single copy. The two eulipotyphlan species in our dataset, the African pygmy hedgehog and the Eurasian shrew, have lost HBB
altogether (Figure 1). In these two species it appears that paralogous copies of the HBD gene are solely responsible for synthesizing the β-chain subunits of adult hemoglobin. The variation in
membership composition of the β-globin gene family is mainly
attributable to the differential loss of the embryonic HBH and
HBG genes and the late-expressed HBD gene. Below we assess
this variation in the complement of β-like globin genes in a phylogenetic framework. Because the genomic structure of the β-globin gene family has been characterized previously in primates,
rodents, and rabbits (all members of the superorder Euarchontoglires), here we focus on resolving orthologous relationships of
β-like globin genes among species in Afrotheria, Xenarthra, and
Laurasiatheria. The genomic structure of the β-globin gene clus-

ter has not been previously characterized in any species from the
former two groups.
Genomic Structure and Orthologous Relationships in Atlantogenata. Among atlantogenatan species, we obtained complete
coverage of the β-globin gene cluster in one xenarthran species,
the nine-banded armadillo, and one afrotherian species, the lesser
hedgehog tenrec. In the nonadult portion of the cluster, both species possess a single copy of HBE and a single copy of HBG, although HBG is present only as a pseudogene in the armadillo
(Figure 1). We did not find a functional HBH gene in either of the
atlantogenatan species examined. The only trace of HBH was a
fragment (spanning intron 2, exon 3, and the 3′ untranslated region) in the armadillo gene cluster that appears to be orthologous
to the human HBHps pseudogene (=ψη; see supporting information, Figure S1). In the adult portion of the cluster, the armadillo
possesses single copies of the HBD and HBB genes, whereas the
gene cluster of the tenrec contains no trace of HBD, but contains
four copies of HBB (Figure 1).
In the nonadult portion of the cluster, phylogeny reconstructions of flanking and intronic sequences strongly suggest that the
HBE genes in the armadillo and tenrec are 1:1 orthologs of the
HBE gene in humans (Figure 2). Phylogeny reconstructions based
on upstream flanking sequence and intron 2 sequence also indicate that the HBG genes in the two atlantogenatan species are orthologous to the duplicated pair of HBG genes in humans (Gγ- and
Aγ-globin) (Figure 2).
In the adult portion of the cluster, phylogeny reconstructions
based on flanking and intronic sequence clearly show that the
HBD genes of armadillo and human are 1:1 orthologs, as are the
HBB genes of these same two species (Figure 2). By contrast, in
the same phylogenetic trees, monophyly of the four HBB paralogs
of the tenrec indicates that this set of genes originated via three
successive rounds of lineage-specific gene duplication (Figure 2).
Curiously, the four HBB paralogs of the tenrec have downstream
flanking sequences that exhibit strong affinities to HBD-like sequences of other species (Figure 2 and Figure S1). One possible explanation for this pattern is that the coding region and upstream
flanking region of an ancestral, single-copy HBD gene were completely converted by an HBB donor gene that has since been deleted in the tenrec lineage. Subsequent rounds of duplication then
produced a total of four HBB-like gene copies that have each retained an unconverted HBD-like downstream flanking sequence.
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Figure 2. Maximum likelihood phylograms depicting relationships among βlike globin genes in species of the superorder Atlantogenata based on 1 kb of
5′ flanking sequence (left), intron 2 (center), and 1 kb of 3′ flanking sequence
(right). Bootstrap support for the relevant nodes was evaluated by using 1,000
pseudoreplicates.

Genomic Structure and Orthologous Relationships in Laurasiatheria. Among laurasiatherian species, we obtained complete coverage of the β-globin gene cluster in two eulipotyphlans,
two bats, two carnivores, one perissodactyl, and one cetartiodactyl. In the nonadult portion of the cluster, we found that the African
pygmy hedgehog (order Eulipotyphla) is the only mammalian species that possesses two copies of the HBE gene (Figure 1). The coding regions of these two HBE paralogs were distinguished by a total
of two synonymous substitutions, which suggests two possibilities:
(i) the two genes are the products of a relatively recent, lineage-specific duplication event, or (ii) the two genes have a more ancient origin, but have undergone a relatively recent, lineage-specific gene
conversion event. Although the horse possesses an HBGps pseudogene, no trace of the HBG gene was found in any of the other laurasiatherian species. All bats and carnivores in our sample possess a
single HBH gene and the horse possesses an HBH gene in addition
to an HBHps pseudogene. The HBH gene has been inactivated or
lost in the remaining laurasiatherian species (Figure 1).
For the nonadult portion of the cluster, phylogeny reconstructions of flanking and intronic sequence show that the HBE genes
in laurasiatherian species are 1:1 orthologs of the HBE gene in humans (or coorthologs in the case of the HBE-T1 and HBE-T2 genes
in the hedgehog) (Figure 3 and Figure S2). Phylogeny reconstructions also indicated that the HBGps pseudogene of horse is sister
to the two HBG paralogs of humans, and that the HBH genes of
all laurasiatherian species are 1:1 orthologs of the HBHps pseudogene in humans (or coorthologs in the case of the HBH gene and the
HBHps pseudogene in the horse) (Figure 3). In combination with
the results for the atlantogenatan taxa (see above) and marsupials
(16, 19), these results indicate that the HBE genes of therian mammals originated via duplication of a proto-HBB gene after the therian/prototherian split (≈220 mya), and that HBG and HBH are the
products of two successive rounds of duplication that occurred after
the eutherian/metatherian split (≈170 mya). For the adult portion of
the cluster, phylogeny reconstructions of flanking and intronic sequence demonstrated that the HBB genes of laurasiatherian species
are 1:1 orthologs of the HBB gene in humans, and likewise for the
HBD genes (Figure 3). However, we did identify several cases in
which recombinational exchanges between HBB and HBD affected
upstream flanking sequence (the three HBD paralogs of the African
pygmy hedgehog, HBD-T2 of dog, and HBB of cat) and intron 2 sequence (the HBDps pseudogene of pig) (Figure 3).

Discussion
Results of our comparative genomic analysis revealed that the initial expansion of the nonadult portion of the β-globin gene cluster

in the ancestor of eutherian mammals was followed by the differential loss and retention of ancestral gene lineages, thereby generating partially overlapping inventories of embryonic globin genes
among contemporary species. All eutherian species have retained
at least one copy of the HBE gene at the 5′ end of the gene cluster. However, as a result of the sorting of HBG and HBH gene lineages among the four main clades of eutherian mammals, contemporary species possess either HBE paired with HBG (e.g., lesser
hedgehog tenrec, and the majority of species in Euarchontoglires)
or HBE paired with HBH (the majority of species in Laurasiatheria) (Figure 1). There are also several eutherian species that have
independently lost both HBG and HBH (e.g., armadillo, African
pygmy hedgehog, Eurasian shrew, guinea pig, and pig). In fact, as
a result of independent inactivations and deletions, the β-globin
gene clusters of the pig and the guinea pig have independently reverted to the ancestral 5′-HBE-HBB-3′ structure seen in marsupials. The armadillo, African pygmy hedgehog, and Eurasian shrew
also approximate this ancestral state except that they have two or
more copies of each early- and late-expressed paralog (Figure 1).
We inferred the differential loss of the embryonic HBG and
HBH genes by using a phylogenetic approach to reconstruct pathways of gene family evolution in the four main groups of eutherian mammals: Afrotheria, Xenarthra, Laurasiatheria, and Euarchontoglires. Our model for the evolution of the nonadult portion
of the mammalian β-globin gene cluster is graphically depicted
in Figure 4. According to this model, two successive duplications
of a proto-HBE gene gave rise to the HBG and HBH genes in the
ancestor of eutherian mammals after divergence from marsupials
(see also refs. 9, 23, and 24). Consequently, the full complement
of embryonic globin genes—HBE-HBG-HBH—was present in the
common ancestor of the two main clades of eutherian mammals,
Boreoeutheria (comprising Euarchontoglires and Laurasiatheria)
and Atlantogenata (comprising Xenarthra and Afrotheria). Subsequent to the Boreoeutheria–Atlantogenata split (≈105 mya), the
HBH gene was lost in the common ancestor of xenarthrans and
afrotherians, and subsequent to the divergence of the two latter groups (≈95 mya), the HBG gene was lost in xenarthrans. The
ancestral three-gene set was also present in the common ancestor of Euarchontoglires and Laurasiatheria. Subsequent to the divergence of these two groups (≈85 mya), the HBG gene was lost
in Laurasiatheria and the HBH gene was lost in Euarchontoglires. Although HBH was deleted altogether in the gene clusters of
rabbits and rodents, a HBHps pseudogene has been retained in
nearly all primates that have been examined (9, 25). As shown in
Figure 1, the HBH gene has also been independently lost in several laurasiatherian taxa (e.g., African pygmy hedgehog, Eurasian
shrew, and pig).
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Figure 3. Maximum likelihood phylograms depicting relationships among β-like globin genes in species of the superorder Laurasiatheria based on
1 kb of 5′ flanking sequence (left), intron 2 (center), and 1 kb of 3′ flanking sequence (right). Bootstraps support for the relevant nodes was evaluated by using 1,000 pseudoreplicates.

These species differences in the complement of β-like globin
genes are associated with differences in the functional diversity
of prenatally expressed hemoglobin isoforms. In bats, cats, dogs,
and horses, prenatal hemoglobins incorporate β-chain products
of HBE and HBH. By contrast, in representatives of Afrotheria
(tenrec) and Euarchontoglires (rabbits, myomorph rodents, and
prosimian primates), prenatal hemoglobins incorporate β-chain
products of HBE and HBG. The functional significance of this hemoglobin isoform diversity remains to be elucidated.
Mode of Gene Family Evolution. Results of our analysis demonstrate that the genomic structure of the mammalian β-globin gene
family has been shaped by a mixed process of concerted evolution
and birth-and-death evolution. However, concerted evolution appears to have been largely restricted to tandemly duplicated copies of the same paralogous type (e.g., between HBB-T1 and HBB-T2
of mouse or between HBG-T1 and HBG-T2 of anthropoid primates;
references 26 & 27). In the adult portion of the gene cluster, ectopic

recombination between HBB and HBD paralogs has created chimeric β/δ fusion genes in multiple, independent lineages (9, 23, 28–
30). In the nonadult portion of the gene cluster, ectopic recombination between HBE and HBG has created a chimeric γ/ε fusion gene
in myomorph rodents (24, 31). Aside from this one exception in rodents, we found no evidence of recombinational exchange among
the HBE, HBG, and HBH paralogs in any other placental mammals.
There are no pronounced differences in levels of interparalog divergence between species that possess an HBE–HBG gene pair (tenrec
and most representatives of Euarchontoglires) vs. those that possess an HBE-HBH gene pair (most representatives of Laurasiatheria). In species that possessed HBE and HBG in tandem, levels of
amino acid sequence divergence between the two paralogs ranged
from 20.5% to 25%, and in species that possessed HBE and HBH in
tandem, levels of interparalog divergence ranged from 19 to 22%. In
comparison with the HBB genes, the nonadult genes are characterized by higher levels of sequence conservation, which presumably
reflects a higher level of functional constraint (16, 23).
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Figure 4. A model describing the evolution of the β-globin gene family in eutherian mammals. According to this model, two successive duplications of a proto-HBE gene gave rise to the HBG and HBH genes in the ancestor of eutherian mammals after divergence from marsupials. Consequently, the full complement of embryonic globin genes—HBE-HBG-HBH—was present in the common ancestor of the two main clades of
eutherian mammals, Boreoeutheria (comprising Euarchontoglires and Laurasiatheria) and Atlantogenata (comprising Xenarthra and Afrotheria).
Subsequent to the Boreoeutheria–Atlantogenata split (≈105 mya), the HBH gene was deleted in the common ancestor of xenarthrans and afrotherians, and the HBG gene was lost in xenarthrans after divergence from the afrotherian lineage (≈95 mya). The ancestral three-gene set was also
present in the common ancestor of Euarchontoglires and Laurasiatheria. Subsequent to the divergence of these two groups (≈85 mya), the HBG
gene was lost in laurasiatherians and the HBH gene was lost in Euarchontoglires. Latin crosses denote lineage-specific gene losses, either via deletion or inactivation.

Gene Duplication, Functional Redundancy, and Evolutionary
Innovation. The differential loss of HBG and HBH genes among
different lineages of eutherian mammals may have been a purely
stochastic process such that the particular complement of genes
inherited by a given species was simply a matter of chance. However, the particular complement of genes inherited by a given species may help steer the trajectory of physiological evolution. The
possession of multiple, functionally redundant gene copies may
provide increased scope for evolutionary innovation because it allows duplicated genes to take on new functions or divide up ancestral functions (32–34).
Whereas monotremes and marsupials possess a single pair of
early- and late-expressed β-like globin genes, the majority of eutherian mammals possess a more functionally diverse repertoire of globin genes. The expanded gene complement of eutherian mammals
may allow for a greater degree of evolutionary versatility. For example, in anthropoid primates, duplicate copies of HBG have been
recruited for fetal expression. It has been argued that the acquisition of fetally expressed hemoglobin played an important role in
the life history evolution of anthropoid primates because it facilitated an extended duration of fetal development (8). In New World
monkeys, HBG-T1 is expressed in nucleated erythroid cells derived
from the embryonic yolk sac (the ancestral condition), but HBGT2 is expressed in enucleated erythroid cells derived from the fetal
liver. In Old World monkeys and apes, both HBG-T1 and HBG-T2
are fetally expressed (35). The cooption of HBG for fetal expression
in anthropoid primates was probably facilitated by the fact that redundant or semiredundant copies of the HBE and HBG genes con-

tinued to perform their ancestral functions during the early stages
of embryogenesis. The evolutionary pathway that led to the acquisition of fetally expressed hemoglobin would not have been accessible if the ancestor of anthropoid primates had possessed only a single embryonic gene, as in contemporary monotremes, marsupials,
and some eutherian species like the guinea pig. In a similar fashion,
the cooption of the embryonic αD-globin gene for expression during
postnatal life appears to have played an important role in the evolution of hypoxia tolerance in Old World vultures and other birds
that fly at high altitude (36).
In conclusion, two successive rounds of gene duplication and
divergence produced a set of three embryonic β-like globin genes
in the ancestor of eutherian mammals. The differential loss and retention of these genes during the subsequent diversification of this
group generated variation in the complement of embryonic globin genes among contemporary species and variation in the functional types of hemoglobin isoforms that can be synthesized during the course of prenatal development.

Materials and Methods
Nomenclature for β-Like Globin Genes. Following the nomenclature of
Aguileta et al. (37), we refer to the embryonic ε-, γ-, and η-globin genes as
HBE, HBG, and HBH, respectively, and we refer to the late-expressed δand β-globin genes, as HBD and HBB, respectively. Because mammalian
β-globin genes have undergone multiple rounds of duplication that have
resulted in tandemly repeated sets of paralogous gene copies in many species, we index each duplicated gene with the symbol T followed by a number that corresponds to the linkage order in the 5′ to 3′ orientation.
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DNA Sequence Data and Gene Identification. The genomic structure of
the β-globin gene cluster has been characterized for cow (Bos taurus), goat
(Capra hircus), and several species in the superorder Euarchontoglires (e.g.,
primates, rodents, and lagomorphs; refs. 12, 13, 30, 38–41). For this subset of
taxa, we annotated genomic sequences using information from the database
records. For the remaining taxa, we obtained genomic sequences from the
High Throughput Genomic Sequences database (HTGS). We characterized
the genomic structure of the β-globin gene cluster of one xenarthran species (nine-banded armadillo, Dasypus novemcinctus), one afrotherian species
(lesser hedgehog tenrec, Echinops telfairi), and eight laurasiatherian species,
including two eulipotyphlans (African pygmy hedgehog, Atelerix albiventris,
and Eurasian shrew, Sorex araneus), two bats (little brown bat, Myotis lucifugus, and greater horseshoe bat, Rhinolophus ferrumequinum), two carnivores
(cat, Felis catus, and dog, Canis lupus familiaris), one perissodactyl (horse,
Equus caballus), and one cetartiodactyl (pig, Sus scrofa) (Table S1). For these
species, we identified globin genes in unannotated genomic sequences by
using the program Genscan (42) and by comparing known exon sequences
to genomic contigs using the program BLAST 2, version 2.2 (43).
Structure of the β-Globin Gene Cluster and Orthologous Relationships. The genomic structure of the β-globin gene cluster in afrotherian,
xenarthran, and laurasiatherian species was investigated by using pairwise
analyses of sequence similarity. In each case we included 5 kb of upstream
sequence flanking the most 5′ gene copy and 5 kb of downstream sequence
flanking the most 3′ gene copy. When comparing gene families among species, it is often difficult to assign orthologous relationships because interparalog gene conversion can obscure the true history of gene duplication
and species divergence. Because interparalog gene conversion is typically
restricted to the coding regions of globin genes (26, 31, 44–46), we used
phylogeny reconstructions of noncoding sequences (flanking regions and
intron 2) to assign orthologous relationships among β-like globin genes.
All analyses were based on two independent alignments, one containing
laurasiatherian species and another containing atlantogenatan species. In
both cases the human sequence was included as an outgroup.
Sequence alignments were carried out by using the program MUSCLE (47) as implemented in the Berkeley Phylogenomics Group web
server (http://phylogenomics.berkeley.edu). Phylogeny reconstructions
were based on coding sequence, 1 kb of upstream flanking sequence, 1 kb
of downstream flanking sequence, and intron 2 (1,451 bp in the atlantogenata sequence alignment and 2486 bp in the laurasiatheria sequence alignment). Phylogenetic relationships were inferred in a maximum likelihood
framework by using Treefinder, version January 2008 (48) and support for
the nodes was assessed with 1,000 bootstrap pseudoreplicates. For analyses
based on the atlantogenata sequence alignment, we used an HKY + Γ model
of nucleotide substitution. For analyses based on the laurasiatheria sequence
alignment, we used the HKY + Γ model (upstream flanking sequence) and a
GTR + I + Γ model (intron 2 and downstream flanking sequence).
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Fig. S1. Pairwise dot plots of the ␤-globin gene cluster from two atlantogenatan species, lesser hedgehog tenrec (Echinops telfairi), and nine-banded armadillo
(Dasypus novemcinctus), against the gene cluster of human. In each case we included 5 kb of upstream sequence flanking the most 5⬘ gene copy and 5 kb of
downstream sequence flanking the most 3⬘ gene copy. Light blue and light yellow vertical lines denote exons and introns, respectively.

Opazo et al. www.pnas.org/cgi/content/short/0804392105

1 of 3

Fig. S2. Pairwise dot plots of the ␤-globin gene cluster from eight laurasiatherian species against the gene cluster of human. In each case we included 5 kb
of upstream sequence flanking the most 5⬘ gene copy and 5 kb of downstream sequence flanking the most 3⬘ gene copy. Light blue and light yellow vertical
lines denote exons and introns, respectively.
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Table S1. Summary of genomic sequence contigs used in the evolutionary analysis of the beta-globin gene family in placental
mammals
Infra class
Eutheria

Superorder

Order

Species name

Common name

Accession number

Cetartiodactyla
Perissodactyla

Canis lupus familiaris
Felis catus
Rhinolophus ferrumequinum
Myotis lucifugus
Sorex araneus
Atelerix albiventris
Sus scrofa
Equus caballus

Dog
Cat
Greater horseshoe bat
Little brown bat
Eurasian shrew
African pygmy hedgehog
Pig
Horse

AC127473
AC129072
AC168976
AC182328
AC166888
AC104389
AC126924
AC209111

Afrotheria
Xenarthra

Echinops telfairi
Dasypus novemcinctus

Lesser hedgehog tenrec
Nine-banded armadillo

AC187664
AC151518

Rodentia

Mus musculus
Rattus norvegicus
Cavia porcellus
Oryctolagus cuniculus
Microcebus murinus
Otolemur garnetti
Aotus nancymaae
Callicebus moloch
Papio anubis
Colobus guereza
Homo sapiens
Sminthopsis macroura
Didelphis virginiana
Monodelphis domestica

House mouse
Norway rat
Guinea pig
Rabbit
Gray mouse lemur
Small-eared galago
Ma’s night monkey
Red-bellied titi
Olive baboon
Guereza
Human
Stripe-faced dunnart
North American opossum
Gray short-tailed opossum

Laurasiatheria
Carnivora
Chiroptera
Eulipotyphla

Atlantogenata

Euarchontoglires

Lagomorpha
Primates

Metatheria

Dasyuromorphia
Didelphimorphia
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X14061
AC129068
AC186241
AC166202
AC183997
AC185368
AC174399
AC172721
AC116429
AC175618
AC104389
AC148754
AC140955
352230764–352330641
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